Abstract
Introduction

Decades of genetic analysis have shown that the proper development of an organ system, such as the vertebrate skeleton, requires precise execution of various genetic pathways. Small RNAs have recently been recognized to function as important modulators of gene regulation. MicroRNAs (miRNAs) function in post-transcriptional modulation of genetic pathways that regulate various developmental and physiological processes. In vertebrates, miRNAs often act as subtle negative regulators of gene translation by recognizing and binding to complementary sites in the 3Ј untranslated regions (UTRs) of target genes (reviewed in [1]). The developing skeletal system expresses several different miRNAs, often with precise temporal and cell-type specificity, and therefore it is likely that miRNAs play a significant role in sculpting skeletal form. A central question is the role miRNAs play in the evolution of new skeletal forms and in the origin of skeletal diseases, including bone loss disease, or osteopenia, that almost universally accompanies the ageing process. diversity of craniofacial forms equip various species of cichlid fish in the Great Rift Lakes of Africa to a diet of hard-shelled benthic mollusks, or plankton in the water column, or scales on exclusively the left side of other fish
. Different but closely related species of teleost fish [4, 5] often show subtle differences in the craniofacial skeleton (Fig. 1 
). How do such differences arise during development? What evolutionary forces promote the fixation of these genetic differences over many generations? And might the same mechanisms that differ between species to effect different skeletal features also differ between individuals or even change during a person's lifetime to contribute to skeletal disease?
Arguments concerning the genetic mechanisms that lead to the evolution of morphological differences like those shown in Fig. 1 or to skeletal differences among individuals are currently contentiousis evolution primarily due to genetic change in protein coding regions or in non-coding regulatory regions (see, e.g. [6, 7] . An additional hypothesis is that the subtle kinds of morphological changes that result in ecologically important skeletal variation can also occur by variation at regulatory sites embedded in non-coding regions of transcripts, for example in miRNA binding sites in messenger RNAs. In addition to differences in skeletal form, human populations exhibit variation in susceptibility to skeletal disease, including osteopenia, osteoporosis and osteoarthritis. Osteopenia is a reduction in bone mineral density. About 34 million American women and 12 million American men have osteopenia. Osteopenia often leads to osteoporosis, a disease characterized by low bone mass, bone deterioration, bone fragility, increased susceptibility to fracture and slow healing of bone fracture [8] . Osteoporosis is a threat to the health of about 44 million Americans. Of Americans over 50 years old, 55% already have osteoporosis [9] . Osteoporosis increases the lifetime risk of fractures to about 50% in women and about 20% in men. As the population ages, the number of hip fractures worldwide is predicted to increase from 1.7 million in 1990 to 6.3 million in 2050 [10] . After hip fracture due to bone loss, half of all patients fail to recover their previous mobility and independence, and in the first year after the fall, more than 25% die [11] . A better understanding of the genetic mechanisms of osteopenia and osteoporosis should help lead to improved therapies for the prevention and treatment of bone loss diseases.
Osteoporosis has a major genetic component, but is also affected by the environment [12] . For example, obesity, diet and weight-bearing exercise have major effects on bone mineral density, but family and twin studies reveal high heritability for osteopenia and osteoporosis [13] . Thus [14] [15] [16] (Fig. 2A) [17] [18] [19] [20] [21] . The Bmp, Hh and Fgf signalling pathways sculpt skeletal morphogenesis [22] [23] [24] [25] [26] [27] and extracellular matrix components like collagens, Sparc and glycosaminoglycans influence cell signalling and cell shape [28] [29] [30] [31] [32] 
The biogenesis of miRNAs
MiRNAs are a group of small regulatory RNAs that generally attenuate gene function by inhibiting the production of proteins and were first discovered in the nematode Caenorhabditis elegans [41] [42] [43] . miRNAs are involved in many developmental signalling pathways and in housekeeping regulation for organ physiology [41] [42] [43] . Consistent with their broad involvement in regulation, thousands of miRNAs have been recognized across the genomes of viruses, plants, fungi and animals [44] [45] [46] [47] [48] [49] , with at least 542 human miRNAs deposited in the miRNAMap database [50] . Genes encoding miRNAs are scattered across genomes in intergenic or intragenic regions, in UTRs or in translated sequences of protein-coding genes, and they can be oriented either in sense or in antisense orientation with respect to their primary transcript and host gene (see [51] [55] . Exportin5, a nuclear envelope protein, transports free pre-miRNA hairpins into the cytoplasm [56] . Dicer, a cytoplasmic RNase III enzyme, then processes the pre-miRNA by cutting off the loop region and releasing mature miRNA duplexes, which can diffuse in the cytoplasm and bind to mRNA targets [57, 58] . [65, 66, 131] . Once new miRNAs have integrated into genetic regulatory networks, their primary sequences tend to remain highly conserved and miRNAs are rarely lost secondarily [62] [63] [64] [81] .
miRNAs and genome evolution
Support is emerging for the notion that miRNAs are closely associated with evolutionary novelty and some suggest this link to be causative. For example, one burst of new miRNAs occurred at about the time of the origin of vertebrate characters and another increase occurred as placental mammals evolved
A sweeping survey of 115 miRNAs identified several miRNAs that are specifically expressed in the developing skeletal system of zebrafish, including mirn140, mirn199, mirn214 and mirn27b [77] . Chondrocytes, but not the perichondrium, of the pharyngeal arches, head skeleton, and fin skeleton express Mirn140 (Fig. 3A) . In contrast, the perichondrium and surrounding mesenchyme, but not the chondrocytes, of the eye capsule, the endochondral disc of the pectoral fin and the pharyngeal arch skeleton express both mirn199 and mirn214 (Fig. 3B and C Table S2 and reference [78] [77, [81] [82] [83] [84] . This result [81] (Fig. 4) (Fig. 5) and share the expression patterns of nearby Hox genes [90] . Furthermore, these miRNAs have predicted target sites in Hox gene 3Ј UTRs [90] . This is significant because Hox-cluster genes help establish axial patterning of animal bodies, and loss-of-function mutations of Hox-cluster genes in flies and mice can result in the transformation of body regions to fates appropriate for more posterior regions [91] [92] [93] [94] [95] (Fig. 5) . [97, 98] . Mirn10 was originally identified between Dfd (Hox4) and Scr (Hox5) in a fruitfly, a mosquito and a flour beetle [99] . It occupies orthologous genomic locations in sea urchin, amphioxus, fish and mammals [95] and acts in axial patterning by repressing hoxb1a and hoxb3a in the spinal cord, working cooperatively with hoxb4. When the Hox clusters duplicated from one to four in the genome duplication events that occurred at about the time of the vertebrate radiation (R1 and R2) [100] [101] [102] and once again just before the teleost radiation (R3) [103] [104] [105] [106] [107] , these mirn genes were duplicated with them, although some paralogs have become secondarily lost [95] . We had shown that the zebrafish possesses duplicates of three of the four tetrapod Hox clusters, but has a single Hoxd cluster [103] . Despite the loss of all protein-coding genes in the hoxdb cluster, the zebrafish lineage surprisingly retained a copy of mirn10 in the expected genomic location of the hoxdb cluster [108] . This unexpected finding suggests that selective pressure was greater for maintaining the duplicated mirn10 gene than for retaining duplicates of the hoxd protein coding genes. Interestingly, the pufferfish lineage lost all of the protein-coding genes in its hoxcb cluster, but even the miRNAs of the hoxcb cluster have disappeared in pufferfish, in contrast to the hoxdb cluster in zebrafish, [95, 108, 109] . As a result, both pufferfish and zebrafish have five mirn10 genes, but by different genomic mechanisms. These curious results emphasize the evolutionary importance of miRNAs. It is possible that the zebrafish and pufferfish lineages both retained five copies of mirn10 after the teleost genome duplication compared to the two copies present in mammals for stoichiometric reasons.
. If miR-140 acts by diminishing the expression of a target gene, then a mutation in the miR-140 target should also have cleft lip and cleft palate. In mouse [85-87] and in zebrafish [81], knockout of components of the PDGF (platelet derived growth factor) signalling pathway can cause cleft lip and cleft palate. Sequence comparisons showed that among PDGF ligands and receptors, only the receptor Pdgfra had miR-140 binding sites in the 3Ј UTR that were conserved across vertebrate phylogeny. In all species analysed, neural crest cells express Pdgfra, hence both expression analysis and mutant phenotypes are consistent with the hypothesis that miR-140 modulates Pdgfra levels. Transcripts containing the 3Ј UTR of pdgfra fused to the coding sequence for enhanced green fluorescent protein (eGFP) were translated less effectively than normal in miR-140-injected embryos and more efficiently than normal in miR-140 antisense-treated embryos [81]. This result shows that the 3Ј UTR of pdgfra is a target of miR-140 and suggests a mechanism for the disrupted palate phenotypes in miR-140 injected zebrafish. Time-lapse video-microscopy of green fluorescent protein (GFP)-expressing transgenic cranial neural crest cells revealed that neural crest cells normally migrate over and in front of the eyes and past the optic stalk to occupy the location of the future palate on the oral ectoderm. Few neural crest cells, however, reach the oral ectoderm in either miR-140 injected embryos or in pdgfra mutants. Collectively, these results demonstrate that miR-140 exerts its effects on palatogenesis through Pdgfra. Loss-of-function analyses, however, were necessary to determine the normal role of miR-140 in palatogenesis.
Loss of miR-140 function elevates Pdgfra protein levels in embryos and alters palatal shape. The injection of embryos expressing EGFP in neural crest with antisense morpholino directed against miR-140 results in neural crest cells accumulating around the optic stalk, a source of the attractant ligand Pdgfaa, one of two ligands for Pdgfra in zebrafish (the other being Pdgfab,
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Fig. 4 Overexpression of miR-140 causes cleft palate. (A) Whole mount of 3 dpf control zebrafish larva. (B) Whole mount of 3 dpf larva over-expressing miR-140. Note protruding lower jaw. (C) Palate (neurocranium) of control larva. (D) Cleft
. In mouse, posterior transformations of vertebral segments in the axial skeleton and abnormalities in the appendicular skeleton of the limbs are among the most obvious mutant phenotypes in Hox gene mutants (reviewed by [92]). Three major families of miRNA genes, Mirn10, Mirn196 and Mirn615, are located in conserved sites within the Hox clusters of animal genomes
Hox-embedded miRNAs are highly conserved across species, suggesting that they could function in the Hox-mediated patterning of the axial skeleton. Mirn615 lies in the intron of Hox5 and is likely limited to mammals [96]; its functions have not yet been investigated, although it is expressed in at least two human colon adenocarcinoma cell lines and a human kidney epithelial line
Moving along the Hox clusters, Mirn196 lies 5Ј of Hox9 paralogs in tetrapods and teleosts [95] , and in the sea lamprey, a basally diverging vertebrate, there are at least two paralogs of mirn196 [66, 95] . Mirn196 regulates the expression of Hoxb8 in mesoderm that is fated to form the forelimb skeleton of chicken and potentially mouse by facilitating cleavage of Hoxb8 mRNA, although the functional role of this interaction during skeletal morphogenesis remains unclear [110, 111] . [114] . We advance the specific hypothesis (Fig. 6) [115] . The same may hold true for human beings, given the role of the human lin-4 ortholog miR-125b in osteoblast differentiation [116] , skin diseases [117] and cancer survival [118] . [123] , thereby promoting osteoblast proliferation and differentiation [124] . miR-26a inhibits the differentiation of adipose tissue-derived stem cells towards an osteogenic fate by inhibiting SMAD1 translation [125] , and thus, overexpression of miR-26a could be an unrecognized contributor to osteopenia, a hypothesis that should be tested.
SMADs may also be involved miRNA biogenesis because BMP signalling stimulates pre-miR-21 production post-transcriptionally, at least in cardiac cells [126] . In addition, expression profiling of miRNAs during BMP2-induced bone development of mesenchymal cells in culture showed that BMP2 down-regulates miRNAs that inhibit osteogenic genes [127] 
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